The Specific Polysaccharides of some Gram-negative Bacteria BY D. A. L. DAVIES Microbiological Re8earch Department, Porton, Wilt8. (Received 5 November 1954) In their work on the specific capsular polysaccharides of the Pneumococci, Goebel and Avery and their collaborators (see Goebel & Avery, 1931; Goebel, 1939) showed the kind of chemical relationship which existed between some of the materials and which accounted for their serological crossreactivity. A number of specific polysaccharides elaborated by organisms in the Gram-negative group have been examined chemically in spite of the difficulty in obtaining adequate amounts of starting material and of identifying sugars by isolation from complex mixtures in polysaccharide hydrolysates. The development of chromatographic methods of analysis has much simplified the task of identification and much smaller quantities of material are required.
From the specific degraded polysaccharide of the 'Smooth' form of Shigella dysenteriae, Morgan (1936 Morgan ( , 1938 isolated derivatives of N-acetylglucosamine, galactose and rhamnose; found that the Shigella 8onnei specific lipopolysaccharide contained acetylglucosamine, galactose, glucose and a heptose; Goebel, Binkley & Perlman (1945) isolated specific polysaccharides from some strains ofShigellaflexneri and demonstrated the presence of acetylglucosamine, glucose and rhamnose. These three Shigella species thus appeared to contain acetylglucosamine and the three possible combinations of two from the other three hexose sugars, galactose, glucose and rhamnose. Aldoheptose sugars have recently been found, not only in Sh. sonnei products but also in a specific polysaccharide material obtained from Sh. flexneri (Slein & Schnell, 1953) and in the specific proteinpolysaccharide complex of Sh. dysenteriae . None of these heptoses has yet been identified by isolation of the sugar or of a characteristic derivative. Although some family relationship is revealed by the qualitative composition of the Shigella polysaccharides, a group of materials which do not generally cross-react serologically (Weil, 1947) , the situation has been somewhat complicated by the discovery of a 'phage-resistant mutant of Sh. 8onnei whose specific lipopolysaccharide appears to contain one unidentified hexosamine and no other sugar residue . In the Salmonella group, galactose, glucose and mannose were identified as components of the specific degradedpolysaccharides ofSalm. typho8um, (Freeman, 1942) and Salm. typhimurium (Freeman, 1943) . These three sugars were also found in the specific polysaccharide of Salm. abortu8 equi by Luideritz & Westphal (1952a) with the addition of hexosamine, rhamnose and abequose.
In two strains of E8cherichia coli examined by Luderitz & Westphal (1952b) , and belonging to different '0' groups, acetylhexosamine, galactose, glucose and rhamnose were present in the polysaccharides; one material also contained xylose whereas the other contained mannose.
Single strains of organisms from other taxonomic groups have yielded polysaccharides composed of yet other groups of sugars, e.g. galactose and mannose in Haemophilws pertu88i8 (Akiya, Takahashi, Kuriyama & Ogawa, 1951) , hexosamine, glucose and methylpentose in Serratia marcescens (Hartwell, Shear, Adams & Perrault, 1943) , acetylhexosamine, galactose and mannose in Proteus vulgaris (Bendich & Chargaff, 1946) , glucose and glucuronic acid in Klebsiella pneumoniae (Goebel &Avery, 1927) , glucose, galactose, arabinose and glucuronic acid in Vibrio spp. (Linton, 1940) and glucosamine, glucose, xylose and rhamnose in Trichomonasfoetus (Feinberg & Morgan, 1952 (Goebel, 1935) .
In this conmnunication some data on the composition of the specific polysaccharides of a number of Gram-negative bacteria are recorded. The materials were isolated, not primarily for this purpose, by extraction of acetone-dried cells with trichloroacetic acid (Boivin, Mesrobeanu & Mesrobeanu, 1933 ). This method was chosen for several reasons; material having the specificity of the '0' somatic antigen can be extracted in this way from the 'Smooth' forms of all Gram-negative bacteria which have been tested (Boivin, Mesrobeanu, Mesrobeanu & Nestorescu, 1934; Boivin & Mesrobeanu, 1937) , except Pasteurella pestis (Girard, 1941) . P. pesti does, however, contain a somatic antigen which will be described in a subsequent communication. Some milder methods ofextraction which are more effective in certain cases are more restricted in their applicability, e.g. diethylene glycol is a very good solvent for the recovery of the somatic antigenic material of Sh. dysenteriae (Morgan, 1937; Morgan & Partridge, 1940 , 1941 but it fails to extract the analogous material from some strains of Sh.flexneri (Goebel et al. 1945) . Although the yield by the trichloroacetic acid method is usually less than that obtained by other methods when these are applicable, its use does avoid the necessity of searching for a suitable solvent for each organism investigated. The product of trichloroacetic acid extraction is highly antigenic whereas by some other methods a specific but non-antigenic material is obtained. The warm 45 % phenol method of Westphal, Luderitz & Bister (1952) , which appears to be of general applicability, yields a specific lipopolysaccharide which is pyrogenic and toxic (Westphal, Ludertiz, Eichenberger & Keiderling, 1952) , such a material can be a Forssman heterophile antigen without inducing the formation of specific agglutinins or precipitins . Trichloroacetic acid extracts are not grossly impure and after fractionation with ethanol are composed principally of two components; one is the protein-polysaccharide-phospholipid antigen, the other is free specific undegraded polysaccharide hapten. The antigenic material can be readily separated from the polysaccharide hapten and other relatively small molecular species by sedimentation in a preparative ultracentrifuge at 100 000 g (Davies & Morgan, 1953) .
Antigens prepared in this way have been hydrolysed with dilute acetic acid to liberate the degraded polysaccharide haptens which were further hydrolysed and examined chromatographically. Data are recorded for eighteen different Salmonellas and several strains of Shigella and Chromobacterium violaceum.
MATERIALS AND METHODS
Organism investigated. The strains of bacteria used in this investigation are detailed in Table 1 .
Material8for analysis. Samples of extraction products for analysis were thoroughly dialysed against distilled water at 0-2' and dried from the frozen state. They were further dried to constant weight in vacuo at 780 before making into solutions of known concentration in water.
Total nitrogen. The Kjeldahl method was used with the distillation apparatus of Markham (1942) and the mixed bromocresol green-methyl red indicator of Ma & Zuazaga (1942) .
Phosphorus. Determinations were made on samples containing 5-20pg. of P by a modification of the method of Fiske & Subbarow (1925) .
Hexosamine. This was estimated by a modification of the colorimetric method of Elson & Morgan (1933) Strains of Chromobacterium violaceum were grown on tryptic meat digest agar in Roux bottles. The growths were washed off agar surfaces or separated by centrifuging in the cold from broth cultures and washed in the cold with saline and with water; the sedimented cells were resuspended in cold distilled water and poured into 10 vol. of acetone at -10'. The acetone was changed several times and the cells finally dried in vacuo over H2SQ4 and stored at 0°over P205 until required.
Extraction with trichloroacetic acid. Dry bacteria were suspended in distilled water at 0-2°at 2 % (w/v) concentration and an equal volume of cold N trichloroacetic acid was added. The mixture was stirred in the cold for 2-3 hr. and centrifuged at 12 OOOg to separate the cells. The supernatant solution was dialysed in the cold until largely free from acid and concentrated under reduced pressure (at 160) to a concentration of about 1% (w/v) of total solid material.
The solution was then fractionated with cold ethanol.
When an extract of Sh. dysenteriae was made in this way (Davies, 1953) , the material which was precipitated from solution between 50 and 84% (v/v) ethanol concentration was found on examination in the analytical ultracentrifuge to be composed of two substances. One was a rapidly sedimenting polydisperse component and the other showed a relativelyslow-moving sharppeak. Thesematerials hadthe same serological specificity but the heavy component was an antigenic protein-polysaccharide--phosphoipid complex, whereas the component of smaller molecular size was a nonantigenic undegraded specific polysaccharide hapten. These materials could be separated by fractional high-speed centrifuging, the polysaccharide remaining in solution when the antigen was sedimented at 100000 g; repeated centrifuging was necessary to free each material from the other. Trichloroacetic acid extracts of the other organisms examined behaved in much the same way as that of Sh. dysenteriae. The amount of ethanol required to precipitate the antigenic material varied in different cases and the more soluble preparations which required larger amounts of ethanol for precipitation were contaminated with a polyglucose which remained in admixture with the specific polysaccharide in the 100 OOOg supernatant fluid after ultracentrifugation.
One batch of cells ofSalm. poona was extracted with warm 45 % phenol according to the method of Westphal, Luderitz & Bister (1952) . Lipopolysaccharide was obtained by ethanol precipitation from the aqueous phase which separated on cooling the suspension to 2'. The yield by this method was substantially higher than that obtained by trichloroacetic acid extraction but the product was contaminated with nucleic acid, the last traces of which were only removed with difficulty.
Preparation of the specific degraded polysaccharide haptens. The purified antigens were dissolved at 1 % (w/v) concentration in 1% (v/v) acetic acid and heated for 4 hr. at 1000 in an atmosphere of nitrogen. The hydrolysis products were extracted with ether to remove phospholipid and the protein component was separated by centrifuging, washed with 1% acetic acid and freeze-dried. The acetic acid supernatant solution and washings of the sedimented protein were combined and reduced to about a third of their volume by evaporation under reduced pressure at 160, and the polysaccharide was then precipitated by the addition of several volumes of ethanol; precipitation with ethanol was repeated at least once and the material finally redissolved in water, centrifuged at 20 000g for 30 min. to remove traces of insoluble material, dialysed and freeze-dried.
Physical examination of the polysaccharide haptens. It has not been possible to examine all ofthe specific polysaccharide preparations for homogeneity. Three typical specimens were examined in the analytical ultracentrifuge (Spinco model 'E'); Salm. kottbus and Salm. niloese polysaccharides were run at pH 4-1 (1% (w/v) concentration in acetate buffer, 1=0-1, containing 0-1 M-NaCl) and Salm. salinatis material at pH 8 (0.44% (w/v) concentration in phosphate buffer, 1 = 0.2). The three preparations all behaved in the same way and only a single sedimenting peak was revealed in each case; a typical photograph is shown in Fig. 1 a. (b) Fig. lb . Salm. budapest polysaccharide preparation showed two peaks both at pH 4 and at pH 8 (acetate and phosphate buffers, I = 0 1 and 0-2, respectively). The patterns were enantiographic and a photograph of the ascending limb is shown in Fig. ic . Salm. 8aift8 polysaccharide showed at least three components after running for 13 hr. at pH 8 (phosphate buffer, I =0.2); a picture ofthe ascending limb is shown in Fig. 1 d. The significance of the electrophoretic results is not known, and further work will be necessary in order to find what the several components represent. RESULTS Different numbers of trays or bottles were used when growing the various organisms but some strains gave much better growth than others; Salm. gatlinarum always gave very small growths.
Antigen&. Details of the antigenic proteinpolysaccharide-phospholipid complexes are shown in Table 2 ; the yields were very variable the lowest being from Salrn. stanley (0.25 %) and the highest from Salrn. newport (6.7 %). The N contents varied between 1-5 and 4-8 % and the P values were between 1.0 and 5-6 % among the Salmonella products; these variations were related to differences in the proportions of the components in the complexes; the high N figures being found in preparations having a high protein content except where substantial amounts of hexosamine were present in the polysaccharide components as, for example, in Salm. poona and Sh. alkatescenm.
The analytical figures found for the Shigella antigens were not very dissimilar from those previously recorded for the Sh. dysenteriae antigenic complex (Davies, Morgan & Mosimann, 1954) . The Chr. violaceumn strains yielded antigens with low P contents.
Poly8accharides. The conditions of hydrolysis employed to separate the degraded polysaccharide haptens from the antigenic materials were those which had been found most suitable for the recovery of the degraded polysaccharide of Sh. dy8enteriae. The conditions are probably not ideal in the case of some of the other materials examined. The N content of some of the polysaccharides is considerably higher than can be accounted for by their hexosamine contents; this was due to the presence of amino acids, which did not, however, interfere with the chromatographic examination of the materials. The yields and N contents of the degraded polysaccharides are shown in Table 3 ; the P contents were very low in most cases and all were below 1 %.
The sugars composing the specific polysaccharides of the Salmonellas are shown in Table 4 . Traces of hexosamine were present in most of the samples but significant amounts were found only in Salmn.
paratyphosum A (7 %), Saltn. montevideo (13%) Saltn. poona (16 %) and Salm. gruinpenswi (16%).
All of the Salmonella materials contained galactose, glucose and mannose except for those of Salmn. poona, Salm. gruimpen8si and Saltn. cholerae8ui8 which contained no mannose. Other sugars present in some of the preparations were arabinose, xylose, fucose, rhamnose, abequose, tyvelose and one unidentified sugar.
Abequose and tyvelose have recently been described by Westphal, Luderitz, Fromme & Joseph (1953) and appear to be bisdeoxyhexoses. 
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tively small spotwhich was only clearly visible when a larger amount of polysaccharide hydrolysate was applied to the paper than was used in the runs shown in Figs. 2 and 3 ; when spots were eluted from paper chromatograms and examinedbythe sulphuric acidcysteine reaction (Dische & Shettles, 1948; Dische, Shettles & Osnos, 1949) , the same absorption spectrum was obtained as with tyvelose and abequose. The relative amounts 'of the various sugars present can be roughly judged by examination of the photographs shown in Figs. 2 and 3 , when it is borne in mind that deoxysugars react somewhat less strongly with the anisidine spray reagent than the hexoses and that the pentoses react more strongly than hexoses. Although mannose and arabinose cannot be distinguished in the photograph (Fig. 2) , they show on the papers as brown and pink spots respectively; the Salm. choleraesui8 polysaccharide spot in the mannose position is actually due to arabinose. Similarly, xylose and fucose cannot be readily distinguished in Fig. 3 , although they appeared on the paper as pink and yellow-green spots, respectively; Salm. senftenberg contains xylose and '0' group G organisms fucose (overlapping a trace of ribose in Salrn. poona due to nucleic acid contamination). Hexosamines are not revealed by anisidine under the conditions used in Figs. 2 and 3; they give a yellow colour on longer heating with the spray reagent but this treatment impairs the characteristic colours by which the other groups of sugars are distinguished.
Details of some Shigella polysaccharides are shown in Table 5 ; Sh. 8chmitzii and Sh. dispar specific polysaccharides contained all of the four hexoses previously found in Shigella species (glucosamine, galactose, glucose and rhamnose), while that of Sh. alkalescens contained, like Sh. sonnei, no rhamnose. Sh. alkalescens differed from the other Shigella species in that both glucosamine and chondrosamine were present and in approximately equal amounts; the total hexosamine content amounted to 35 % of the weight of the material. The usual conditions of hydrolysis which had been employed to separate the sugars from the various polysaccharides (0-5N acid for 8 hr.), failed to give complete hydrolysis of the Sh. di?par and Sh. alkalescens preparations, which required treatment with N acid for 12 hr. to produce discrete spots on paper chromatograms. These polysaccharides all differ from those of most of the Salmonella group in not containing mannose, but also differ from those Salmonellas containing no mannose in that Salm. choleraeui8s contains two pentoses and the group G organisms two hexosamines and fucose.
The Chr. violaceumn strains yielded polysaccharides which appeared to have little in common with one another except for 'Brown' and 'Birch' which were qualitatively identical and crossreacted strongly serologically. Two aldoheptose sugars were found (Table 5) , one in strains 'Brown' and 'Birch' present in substantial amounts, and another in strain N.C.T.C. 7917 in smaller, but still considerable amount. These sugars have not yet been isolated but were identified by their characteristic colour on paper chromatograms sprayed with anisidine and, after elution from paper, by their absorption spectrum given after treatment with sulphuric acid and cysteine (Dische, 1953) and other reactions described by this author. The 'Brown' and 'Birch' heptose travelled on paper chromatograms in the position of D-manno-D-gala-heptose and differed from five other aldoheptoses examined. In the N.C.T.C. 7917 material the heptose travelled at the same rate as D-gala-D-manno-heptose. The only uronic acid found was galacturonic acid in Chr. violaceum strain 'Lewitus '.
DISCUSSION
The yield of '0' specific material obtained by trichloroacetic acid extraction differed considerably in different strains, due possibly to differences of 'Smoothness' and to the fact that since strains had varying growth rates organisms were unavoidably reaped at different stages of growth. Differences in the relative amount of antigenic complex and free specific undegraded polysaccharide were also found in the crude extracts and analysis of the antigenic fractions showed that the relative amounts of protein and polysaccharide components in the complexes varied.
The extent of the electrophoretic examination of the degraded polysaccharides is insufficient for the results to be interpreted at present. The several components detected by electrophoresis failed to separate on ultracentrifugation. Molecules of the same order of size as these degraded polysaccharide haptens had been removed from the parent antigenic preparations by high-speed centrifuging and the components must all have arisen by mild acetic acid hydrolysis of the antigens.
Mild acetic acid hydrolysis of the somatic antigenic complex of Sh. dysenteriae was considered to release polysaccharide by the splitting of a relatively labile link between acetylglucosamine and other sugar residues . As such a labile link may not be present in the polysaccharides examined this might account for the incomplete separation of polysaccharide from antigenic complex found in some cases, the N content of some of the polysaccharides being 1-2 % higher than could be accounted for by their hexosamine content.
Among the Salmonellas, all strains contained galactose and glucose and, except in '0' group G (Kauffmann, 1951) Westphal, Luderitz, Eichenberger & Keiderling (1952) and its specific polysaccharide was found by these workers to contain five hexoses. The four group 'B' strains detailed in Fig. 2 contained the same sugar residues as the Salm. abortu8 equi preparation but Saltn. 8tanley also contained a small amount of xylose. Two organisms in group 'C' did not match, Salm. montevideo having galactose, glucose, mannose and hexosamine while Saltn. choleraeui8 contained galactose, glucose, arabinose, xylose and only traces of hexosamine. Pairs of organisms in groups 'C2' and 'E1' and three in group 'D' corresponded well within their groups. In group 'E3' Salm. 8enftenberg differed from its partner Salm. nitloese in containing a small amount of xylose. Two group 'G' organisms corresponded well and both contained glucosamine and chondrosamine; the latter sugar has not been recorded from any other bacterial source (Davies, 1954) , but is present in larger amount in the Sh. alkate8cens polysaccharide.
Either tyvelose or abequose (Westphal et at. 1953) was present in ten of the eighteen strains examined. In Salm. paratypho&umn A and Salm. choleraesuis a spot with a very high R. value was found on chromatograms and appeared to be due to a similar deoxy sugar.
The distribution of xylose is scattered; significant amounts were present in the products of four Salmonellas all of which belonged to different 'O' groups. A faint spot on chromatograms in the xylose position was found in several other polysaccharide preparations but these probably represented very small amounts as the anisidine spray reagent is very sensitive for this sugar.
In the Shigella group the polysaccharides examined and those recorded previously in the literature contain different hexoses from among a group of only four; glucosamine, galactose, glucose and rhamnose. The heptose sugar found by Slein & Schnell (1953) was phosphorylated and the heptose found by was present in a material containing phosphorus. In Shigella dysenteriae heptose is present in the antigenic complex and the toxic phospholipopolysaccharide but not in the degradedpolysaccharide which is free ofphosphorus. The heptose in Sh. dysenteriae is present in relatively small amount, unlike those now found in several bacterial polysaccharides, including three strains of Chr. violaceum. In these cases the polysaccharides are free of phosphorus and the heptose sugar is a major component. Chr. violaceuim strains appear to be a serologically heterogeneous group, and this is borne out by the finding that their specific polysaccharides had little in common with one another. One exception, however, was the case of strains 'Brown' and 'Birch' isolated from different sources, but serologically related and containing the same sugar residues. Another strain, 'Frazer's Hill', contained a polysaccharide composed of hexosamine, glucose and rhamnose, the same hexoses as those found in the Sh. flexneri specific polysaccharide. SUMMARY 1. Materials having the properties of the 'O' somatic antigens have been extracted with trichloroacetic acid from acetone-dried cells of a number of strains of Salmonella, Shigella and Chromobacterium violaceum.
2. The antigenic preparations, after purification by ethanol precipitation and high-speed centrifuging, were hydrolysed with dilute acetic acid and the specific degraded polysaccharide haptens recovered from the solutions by ethanol precipitation after removal of the insoluble protein and lipid components.
3. The sugars present in the polysaccharides were identified by chromatographic methods.
4. In the Salmonella group the number of different sugars in the polysaccharides varied from four (Salm. montevideo) to eight (Saltn. paratypho8um A). Galactose and glucose were present in all strains examined; mannose was found in fifteen of eighteen strains. Polysaccharides recovered from organisms in the same 'O' group were, with a few exceptions, qualitatively the same but quantitative differences among the component sugars were apparent in many cases.
5. Organisms in the Shigella group all contained hexosamine and in addition, either two or three of the hexose sugars galactose, glucose and rhamnose.
6. (Chromobacterium violaceum polysaccharides showed little in common with one another with the exception of one pair of strains. Two heptose sugars were present, one of which appeared to be Dmanno-D -gala-heptose. 
